Age-related variation in carbon allocation at tree and stand scales in beech (Fagus sylvatica L.) and sessile oak (Quercus petraea (Matt.) Liebl.) using a chronosequence approach Summary Two types of physiological mechanisms can contribute to growth decline with age: (i) the mechanisms leading to the reduction of carbon assimilation (input) and (ii) those leading to modification of the resource economy. Surprisingly, the processes relating to carbon allocation have been little investigated as compared to research on the processes governing carbon assimilation. The objective of this paper was thus to test the hypothesis that growth decrease related to age is accompanied by changes in carbon allocation to the benefit of storage and reproductive functions in two contrasting broad-leaved species: beech (Fagus sylvatica L.) and sessile oak (Quercus petraea (Matt.) Liebl.). Age-related changes in carbon allocation were studied using a chronosequence approach. Chronosequences, each consisting of several even-aged stands ranging from 14 to 175 years old for beech and from 30 to 134 years old for sessile oak, were divided into five or six age classes. In this study, carbon allocations to growth, storage and reproduction were defined as the relative amount of carbon invested in biomass increment, carbohydrate increment and seed production, respectively. Tree-ring width and allometric relationships were used to assess biomass increment at the tree and stand scales. Below-ground biomass was assessed using a specific allometric relationship between root: shoot ratio and age, established from the literature review. Seasonal variations of carbohydrate concentrations were used to assess carbon allocation to storage. Reproduction effort was quantified for beech stands by collecting seed and cupule production. Age-related flagging of biomass productivity was assessed at the tree and stand scales, and carbohydrate quantities in trees increased with age for both species. Seed and cupule production increased with stand age in beech from 56 gC m −2 year −1 at 30 years old to 129 gC m −2 year −1 at 138 years old. In beech, carbon allocation to storage and reproductive functions increased with age to the detriment of carbon allocation to growth functions. In contrast, the carbon balance between growth and storage remained constant between age classes in sessile oak. The contrasting age-related changes in carbon allocation between beech and sessile oak are discussed with reference to the differences in growing environment, phenology and hydraulic properties of ring-porous and diffuse-porous species.
Introduction
Age-related decline of forest productivity is a well-known phenomenon in forest management. It was primarily observed on yield tables of managed, non-senescent forests (e.g., Hamilton and Christie 1971 , Bouchon 1974 , Thill and Palm 1976 , and because forest productivity is the key factor in wood production and carbon storage at the ecosystem level, age-related decline of forest productivity has been intensively studied, particularly during the last 40 years (Kira and Shidei 1967 , see Gower et al. 1996 for review). Several hypotheses were put forward to explain growth decline with age and are more or less well documented today. Most of them were described in the well-known review of . Recent advances since this review have retained three main causes to explain this decline: (i) decreasing leaf area, assessed at stand , Bond-Lamberty et al. 2002 , Kashian et al. 2005 , Leuschner et al. 2006 ) and tree scales (Nock et al. 2008) , (ii) decrease in photosynthetic rate due to hydraulic limitation and decrease in stomatal/canopy conductance with tree height (Yoda et al. 1965 , Ryan and Yoder 1997 , Magnani et al. 2000 , Delzon et al. 2004 , Zaehle et al. 2006 ) and (iii) decrease in nutrient availability (Ryan et al. 2004 , Simard et al. 2007 ). However, reduction of assimilation and absorption are not sufficient to explain the observed decline in wood production (Ryan et al. 2004 (Ryan et al. , 2006 . Recently, new hypotheses have emerged concerning physiological processes potentially involved in productivity decline (Ryan et al. 2006) : the decrease of light capture efficiency in mature trees (Niinemets et al. 2005) or the decrease of the turgor pressure limiting cell expansion and reducing the carbon sink of growth (Woodruff et al. 2004) .
In addition to this well-known productivity decline, ageing of trees is also characterized by an increase in sensitivity to perturbations (Mueller-Dombois 1992) . Age is thus considered by many authors as a predisposing factor inducing the premature mortality (or dieback) (Manion and Lachance 1992) frequently observed over the last decades (Ogden 1988 , Innes and Boswell 1991 , Manion and Lachance 1992 . However, studies assessing this hypothesis by comparing stands at different ages or development stages are scarce, and few studies have tried to analyse the growth response of stands of different ages to climate (Penninckx et al. 1999 , Rozas 2005 , Esper et al. 2008 , Yu et al. 2008 .
In the light of this increasing sensitivity, carbon allocation to storage and/or reproduction functions might be increased to the detriment of growth function in order to ensure tree longevity and/or to ensure tree regeneration. If this occurred, the shift in trade-off between these functions might explain, at least partially, the decrease in tree and stand productivity with age, but few studies have investigated potential changes of trade-off in the carbon allocation to growth and related respiration functions, and other main tree functions such as storage reserves and reproduction, as physiological processes accompanying tree ageing (Becker et al. 2000) . Reproduction is often considered as a function defining the adult stage of tree development, and the fact that reproduction is an increasing function in older stands is generally assumed. However, to our knowledge, changes in carbon allocation to the reproduction function during stand development have not been quantified yet for woody forest species. Moreover, even if the role of reserves in the maintenance of physiological integrity of trees has been assumed for a long time (Sinnott 1918 , Chapin et al. 1990 , carbon allocation to storage has long been considered as a passive buffer, resulting from the excess of assimilation after the satisfaction of growth and respiration needs (Kozlowski et al. 1991 , Körner 2003 . However, recent studies tend to demonstrate that storage represents a sink that can compete with other sinks like growth (Chapin et al. 1990 , Silpi et al. 2007 ). Reserves are used in plants for maintenance respiration, growth resumption and foliage building in the spring and also to protect tree physiological integrity against environmental stresses like drought , frost (Morin et al. 2007 ), defoliation (Marcais and Bréda 2006) , insect attacks (Rohde et al. 1996) and wounds (Bory et al. 1991) . Besides, as a result of profiting from their experience of developmental conditions and exposure to disturbance events over time, it has been suggested that adult trees should present higher acclimation levels to their environment than young trees (Cavender-Bares and Bazzaz 2000 , Reich 2000 , Day et al. 2002 , Thomas and Winner 2002 . Thus, considering the levels of carbohydrate reserves as an indicator of a resource pool for tree defence, it is possible that relative allocation to the storage function will increase with age.
The main objective of this paper was to test the hypothesis that age-related growth decrease is accompanied by changes in carbon allocation to the benefit of storage and reproduction functions. Therefore, carbon allocation to growth, storage and reproduction functions was assessed during stand ageing by quantifying the age-related differences in radial growth, carbohydrate levels and seed production, respectively. These assessments were made during one growing season (2006) for a ring-porous and a diffuse-porous species in two chronosequences.
Carbon allocation to a given function was defined as the fraction of the total carbon increment attributed to the associated carbon pool. Finally, carbon production at the stand scale was expressed per leaf area as an indicator of the carbon production efficiency of trees.
Materials and methods

Site and stand descriptions
One chronosequence was established for each of the two species. The chronosequence for common beech (Fagus sylvatica L.) was located in the state forest of Fougères (48°23′ N, 1°09′ W, mean elevation 164 m) in north-western France. Many studies are still being carried out on this site, aiming at biogeochemical cycle analysis and quantification (Huet 2004 , Lecointe et al. 2006 , Eglin et al. 2008 including tree biomass calculation . Ecophysiological studies of beech stand growth, transpiration, canopy interception, seasonal stem increment and water balance measurements have also been performed (Peiffer 2005 . Soils are developed in about 1.5 m of non-carbonated Aeolian loess, over granitic bedrock (Legout 2008) , and (Toutain 1965) pointed out the homogeneity of these forest soils, which are mainly classified as alocrisols-neoluvisols. The climate is of oceanic type; mean annual temperature and average annual precipitation, calculated for the past 30 years, were 11.6°C and 916 mm, respectively (Météo France). Annual soil water deficit, computed by daily water balance modelling according to (Granier et al. ) averaged 22.4 between 1971 (Granier et al. and 2006 The chronosequence for sessile oak (Quercus petraea (Matt.) Liebl.) was located in two closed state forests of Amance (48°46′ N, 6°19′ E, mean elevation 245 m) and Champenoux (48°43′ N, 6°21′ E, mean elevation 260 m), in north-eastern France, where previous ecological studies were carried out (Thimonier et al. 1992 ) on oak ecophysiology (Bréda et al. 1993a (Bréda et al. , 1993b , oak transpiration and growth (Bréda and Granier 1996) and the ecophysiological impact of thinning on tree growth and water use . Soils are neoluvisols developed in a fairly deep loam, overlying a carbonated clay horizon (Bréda et al. 1993b ). The climate is of semi-continental type. Mean annual temperature and average annual precipitation, calculated for the past 30 years, were 10.3°C and 776 mm, respectively, for these two forests (Météo France). Annual soil water deficit, computed by daily water balance modelling according to (Granier et al. ), averaged 62.3 between 1971 (Granier et al. and 2006 For historical reasons, stand age distribution in the two oak forests was unbalanced (lacking old even-aged stands in Champenoux forest and lacking 65-95-year-old stands in Amance forest). Therefore, the chronosequence for sessile oak overlapped the forests of Amance and Champenoux, which were about 5 km apart. Both forests presented similar soil characteristics and had been submitted to similar silvicultural practices (even-aged stands, naturally regenerated).
Special attention was devoted to minimizing betweenstand environmental variations in each chronosequence. Stands were selected in accordance with different homogeneity criteria in order to isolate ageing signals and to reduce the other sources of variation. These criteria were related to soil type, topography, stand composition and silvicultural practices. Therefore, the chronosequences were composed of pure even-aged, naturally regenerated stands, located on flat luvisols for the sessile oak chronosequence and on flat alocrisolsneoluvisols for the common beech chronosequence. Soils of the sessile oak chronosequence were slightly richer than those of the beech chronosequence (Table 1) .
Experimental design
The forest management plan classifies stands according to the silvicultural operations to be carried out depending on stand age, and both chronosequences were chosen in large evenaged subdivisions. The stands composing these chronosequences were thus divided into quite narrow age classes. The Beech chronosequence was composed of 23 stands distributed into six age classes (15, 35, 60, 95, 130 and 175 years) . The Oak chronosequence was composed of 18 stands distributed into five age classes (30, 50, 70, 120 and 135 years) . Older ages were excluded for silvicultural reasons as the older oak stands were managed as coppice with standards, and this treatment was excluded from the study. Age classes consisted of four different stands, except for the youngest classes because mixed stands were excluded: thus, only three young stands for beech (15-years-old class) and two young stands for oak (30-years-old class) were selected. Stand age covered by these two chronosequences ranged from 26 to 140 years old for oak and from 12 to 200 years old for beech. Circumference at breast height and height of trees were measured in each plot of the two chronosequences, and the main stand characteristics are given in Table 2 .
Estimation of carbohydrates accumulated in 2006
Previous studies in similar ecosystems showed that sessile oak and beech display similar seasonal carbohydrate dynamics (Barbaroux and Bréda 2002) . Minimum total nonstructural carbohydrate (TNC) concentrations occur at the beginning of June, when leaves are fully expanded and maximum concentrations occur in October, before leaf fall. Concentration differentials between the two dates give an estimation of carbohydrate accumulation during the growing season. (Barbaroux 2002) demonstrated that a good estimation of carbohydrate contents in adult trees can be obtained from samples of wood from the stem at breast height (1.3 m above the ground) and from the coarse roots. Indeed, these are the two main organs for carbohydrate storage according to their sizes. This method was applied in the present study on five out of the 15 cored trees per plot. One core from the stem (at 1.3 m height above the ground) and one core from coarse roots (around 40 cm from the stump) were taken from trees at the end of May (on about day of year (DOY) 145 for oak and DOY 137 for beech) and in October (about DOY 298 for both species), i.e., the expected dates of minimum and maximum concentrations, respectively. For the 2006 growing season, budburst occurred on DOY 120 for beech and DOY 125 for oak, while leaf fall was completed on DOY 320 at both sites. Note that the samples of coarse roots were taken from different roots at each date and were partially excavated just before coring. Cores were taken using an increment borer (5 mm in diameter), transported with a freeze-pack in the field and then stored at −20°C in the laboratory.
Reserve compounds are stored in living tissues located in the sapwood (Saranpää and Höll 1989, Höll 1997) . Assuming that root biomass is free of heartwood for both species, carbohydrate concentrations in roots were determined on the 5 cm of core under the bark. Concerning the above-ground compartment, the radial distribution of sapwood differs between sessile oak, being a ring-porous species, and beech, which is a diffuse-porous species. Whereas oak exhibits a clear boundary between sapwood and heartwood, the heartwood of beech remains invisible. However, even if sapwood transformation into heartwood is one of the main processes linked with natural ageing in trees (Wagenführ 1989 cited in Gjerdrum 2003 , it is commonly accepted that heartwood is negligible or absent in beech in the age range considered in the present study (Lüttschwager and Remus 2007, Schäfer et al. 2000) . Therefore, in order to facilitate comparison between both species, carbohydrate concentrations in stems were determined on the whole visible sapwood for oak and the 10 most recent tree rings for beech. The decrease in TNC in the outermost part of beech xylem was quantified on 20 trees (data not shown). Concentrations in the inner part of the stem were assumed to represent 62.5% of the concentration occurring in the outer 10 rings. The bark was removed from the cores, and TNC analysis was restricted to the xylem. Carbohydrate contents were computed from the product of concentrations and tree biomass of tissues containing TNC. For sessile oak, sapwood width was measured on every core according to wood colour transition and the proportion of vessels obstructed with tyloses.
Carbohydrate analysis
Total non-structural carbohydrates were quantified enzymatically according to (Barbaroux and Bréda 2002) . Total nonstructural carbohydrates were calculated as the sum of the main soluble sugars (glucose, fructose, sucrose) and starch and were expressed in glucose equivalents which were converted to carbon mass (gC) by applying a 40% carbon content in glucose.
Tree-ring analysis and tree age measurement
Fifteen trees per plot were cored to the pith at breast height using an increment borer, taking one core per tree. The circumference of each tree at breast height was also measured. Growth coring and circumference measurements were made in February 2007. Tree-ring chronologies were developed from wood cores using standard dendrochronological procedures (Stokes and Smiley 1996) . After surface treatment, airdrying and preliminary visual ring counting, tree-ring widths were measured to the nearest 0.01 mm with a binocular microscope and a digitalizing table. Cross dating was then performed for each tree following the method described by (Douglass 1941) . Then age was also determined at breast height for each sampled tree.
Biomass estimation at tree scale
Dry matter biomass (g DM) was estimated for each of the fifteen trees cored per plot. Mean tree biomass was then computed for each plot of the two chronosequences.
Above-ground biomass was computed as the product of volume and wood density. Total above-ground volume was estimated from the allometric equations using both tree circumference and height published by (Vallet et al. 2006 ) for northern France. Wood density of beech was estimated from a relationship depending on tree age (Barbaroux 2002) . For sessile oak, wood density was estimated from a model using tree-ring width and cambial age that was fitted to sessile oak in northern France by Le Moguédec and colleagues (2002) . Then, the sapwood volume of oak was computed as the difference between total volume and heartwood volume. Heartwood diameter was computed as the difference between stem diameter resulting from the measured circumference and sapwood width measured on the cores. As there were no existing allometric relationships linking root biomass and tree age, a collection of published data sets containing aboveand below-ground biomass estimations was made to estimate below-ground biomass of beech and sessile oak. Dry matter biomass was converted to carbon mass (gC) by applying a 48% carbon content (C. Nys, personal communication).
Carbon increment in wood and non-structural carbohydrates in 2006
Wood production in 2006 was calculated for each tree as the difference between wood biomass in 2005 and that of 2006. Tree-ring measurements were used to estimate diameter increment and diameter at breast height between 2005 and 2006.
Total non-structural carbohydrate increment in 2006 was calculated as the difference between the TNC content at the end and at the beginning of the growing season. TNC contents were calculated as the product of TNC concentration and the related biomass.
Carbon increment in wood and storage production were then scaled up to stand level by summing the carbon increment in wood and TNC storage for each inventoried tree and were expressed per unit of leaf or ground area. Proportion of the stand basal area.
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Carbon allocated to seed production at the stand scale
The year 2006 was a significant masting year in the beech chronosequence and a bad to null masting year for the sessile oak chronosequence. Considering the great variability of seed production between individual trees (Gysel 1956 ), seed production of beech was estimated at stand level from a systematic network of 15 collection points which were each 0.7 m 2 , distributed regularly within a 1-ha area, and centred in the middle of each plot. Seed production was estimated in three randomly selected plots per age class, except in the youngest (thicket) where no seed production was observed. Finally, seed production was estimated from a total of 225 harvest points, distributed in five age classes in the beech chronosequence. Beechnuts and cupules were collected directly on the ground between DOY 310 and DOY 315. In fact, several studies on beech fructification in the north and centre of France show that more than 95% of seeds and cupules have fallen from the trees at the end of October (Le Tacon and Oswald 1977, Oswald 1984) . To ensure the total harvest of seeds and cupules, all of the litter fall was collected at each sampling point, and seeds and cupules were sorted in the laboratory. Moreover, to take into account wildlife predation of beechnuts, we corrected beechnut counts using lignified cupule counts, as they are not consumed by wildlife-each cupule containing two nuts (Le Tacon and Oswald 1977). Seeds and cupules from each sampling point were counted, dried at 105°C for 48 h and weighed. The carbon content of seeds and cupules was fixed at 50% (Lebret 2002) .
Leaf Area Index measurements and the contribution of oak or beech LAI to total stand LAI To estimate carbon productivity per leaf area and to carry out water balance calculations, Leaf Area Index (LAI) was estimated at each plot of both chronosequences with a LiCor LAI-2000 (LI-COR Inc., Nebraska, USA). At least 21 measurements were made along transects below the canopy on sunny days, at less than 1 h after sunrise or before sunset. Linearly interpolated values of incident light on three zenith angles were used (from 0°to 43°) (Dufrêne and Bréda 1995) .
Beech stands were monospecific so that beech represented the main contribution to measured LAI. Conversely, adult oak stands of the Champenoux site contained an understory composed of hornbeam (Carpinus betulus), and so LiCor LAI measurements included both species. In order to quantify the influence of hornbeam on LAI measurements, litter collection (Bréda 2003) and forest inventories (Cluzeau et al. 1998 ), data coming from 11 permanent oak level II plots of the French part of the Forest Monitoring network (RENECOFOR), were used to calibrate the contribution of hornbeam to total stand LAI, according to (Eermak 1998) . For reasons of coherency, the relationship between the proportion of LAI and the proportion of basal area was forced to contain (0,0) and (1,1) intercepts. Enclosed in parenthesis are the results of the Fisher test of significance (F = Fisher value and P = significance probability value).
LAI Quercus = LAI Stand × ½−0:0661 × ð1−expð2:78 × ðBAQuercus=BA StandÞÞÞ ðF = 540:24; P < 0:0001Þ
where: LAI Quercus is LAI of oak, LAI Stand is LAI measured with LiCor canopy analyser, BA Quercus is basal area of oak and BA Stand is basal area of oak and hornbeam.
Statistical analysis
Data were analysed using the SAS statistical package (SAS 9.1, SAS Institute Inc., Cary, NC, USA) (SAS 1988) . A nonlinear model (proc nlin) was used to determine the relationship between Root:Shoot ratio and age. Different types of models were tested, and the selection of the best model was based on the lowest residual sum of squares. For the carbohydrate concentration analysis, an initial analysis of variance (ANOVA) was carried out to determine factors that significantly influenced concentrations. Effects of species + site, organ and date were tested, and each factor had two levels. Seasonal differences in concentrations were also tested for each combination of species and organ with an ANOVA. For TNC concentration, biomass, carbon increment and allocation variables, two main effects were tested: (i) species effect, with an ANOVA, and (ii) stand age effect with linear regressions for each species. To compare species (+ site) properly, species effect and age effect for each species were tested in comparable age ranges, i.e., the youngest and oldest beech classes were excluded from these analyses.
Results
Factors influencing carbohydrate concentrations
Concentrations determined enzymatically concerned a total of 328 wood samples. Carbohydrates were analysed according to site + species (oak or beech), stand age, tree compartment (stem or coarse root) and date of sampling (May or October). Concentrations were higher for oak than for beech (Table 3) . However, because the species were located in different forests, species differences may also include some site influence. Stand age had no significant effect for the two species (Table 3) . Depending on stand age, concentrations ranged from 12.5 to 70.7 g kg −1 of dry matter (DM) for oak and from 4.3 to 37.4 gC kg −1 DM for beech (Figure 1 ). Stem concentrations remained stable throughout the age sequence for both species, except for young beech stands (around 15 years old), which exhibited higher concentrations. In coarse roots, concentrations were more variable between the stands. Root concentration decreased sharply up to around 35 years old for beech and around 75 years old for sessile oak. This reduction was followed by stable or slightly rising concentrations for oak up to 145 years old and a slight but constant decrease for beech up to 200 years old.
Trends of TNC concentrations with stand age were similar for the two dates. Concentrations in October were significantly higher than concentrations in May for both species (F = 19.4, P < 0.0001 for sessile oak and F = 10.5, P < 0.0001 for beech), except for coarse beech roots (F = 0.01, P = 0.9427). No trend with age appeared relative to seasonal differences in concentrations between May and October 2006. As for the raw concentrations, seasonal differences in concentrations were significantly higher for oak than for beech (F = 55.9, P < 0.0001). For both species, TNC concentration was higher in coarse roots than in stems (F = 19.9, P < 0.0001 for sessile oak and F = 23.54, P < 0.0001 for beech).
Stand biomass throughout the chronosequences
Stand biomasses were estimated (i) from allometric relationships to estimate tree biomass and (ii) from stand inventories. Without existing allometric relationships linking root biomass and tree age, an age-related relationship of [Root: Shoot] ratio (RS) was assessed from published data concerning deciduous species belonging to Quercus and Fagus genera located in temperate forests of different continents. The references are listed in Appendix 1. Indeed, meta-analysis conducted by (Cairns and colleagues 1997) revealed that, except for a latitudinal effect distinguishing species distribution, climatic parameters (i.e., temperature and rainfall) had no influence on RS. For the Quercus genera, RS described an exponential decrease with stand age before stabilization at about 0.18 after 90 years old (Figure 2) . A non-linear model was fitted for RS as a function of stand age (F = 32.26, P < 0.0001).
RS Q:p: = 0:1893 + 0:8295 × expð−0:0496 × ageÞ For Fagus, RS presented a more precocious and abrupt decrease than for Quercus, stabilizing after 25 years old at about Table 3 . Effects of species (+ site) and age on biomass and carbon increments. Species comparison was carried out by analysis of variance on similar age ranges, i.e., excluding the youngest and oldest beech stands. Linear regression was used to assess age effect. Age effect was tested for each species. Abbreviations: F = Fisher test value, P = probability. The logarithm of Biomass increment per leaf area was used for this analysis. The order of magnitude of stand biomass was similar for beech and sessile oak stands (Figure 3) . In beech stands, biomass increased significantly with stand age, while it remained constant over time in sessile oak stands (Table 3, Figure 3) . However, the proportion of stand basal area occupied by hornbeam increased with stand development from around 9.4% in the youngest oak stands up to 44% around 115-year-old stands (Table 2 , insert in Figure 3 ).
Growth, storage and reproduction balance at the stand scale for year 2006
Upscaling of carbon increments to the stand scale was performed using carbon increments estimated at the tree scale and from forest inventories. Seed production was estimated from fruit collection at the stand scale. Oak and beech LAI was used as a proxy of carbon assimilation at the canopy level. Carbon increment, expressed per leaf area unit, and allocation coefficients were displayed in Figure 4 . Carbon invested in seeds, biomass and TNC increment, expressed per ground area unit, was averaged for each age class and is given in Table 4 . Carbon increment averages, expressed per leaf unit area, are displayed in the following paragraph.
For beech, the annual biomass increment was high in the youngest stands and decreased sharply with stand age from an average of 103 gC m year −1 at around 175 years old ( Figure 4A ). Considering the same age range for sessile oak, the TNC annual increment did not change with age (Table 3) . However, the age-related increase of TNC annual increment became more significant when the entire age range was considered (F = 2.39, P = 0.0979). Seeds (Table 3) and TNC annual increment increased slowly and regularly with stand age to 19 and 13 gC m −2 year −1 , respectively, at around 175 years old ( Figure 4A ).
For sessile oak, annual biomass increment increased with stand age to a peak average of 161 gC m −2 of leaf year −1 at around 75 years old and decreased sharply to 74 gC m −2 year −1 at around 135 years old ( Figure 4B ). After a short increase, annual TNC increment decreased slowly with stand age from 43 to 12 gC m −2 of leaf year −1 (Table 3 , Figure 4B ). For both species, agerelated changes in carbon increments expressed per ground area unit were similar to those observed for carbon increments expressed per leaf area unit (Tables 3 and 4) . Comparing the carbon allocation for beech in 2006 ( Figure  4B and D), we observed that carbon invested in growth, i.e., biomass increment, decreased significantly with stand age to the benefit of storage, i.e., TNC increment and reproduction (seed and cupule production) (Table 3, Figure 4B ). Considering the same age range for sessile oak, carbon allocation to TNC did not change with age (Table 3) . However, the agerelated increase of carbon allocation to TNC became significant when the entire age range was considered (F = 12.35, P = 0.0021). For sessile oak, carbon allocated to growth and storage remained constant with stand age (Table 3, Figure 4C ).
Discussion
Ageing effect on TNC concentrations
The specific and seasonal differences in TNC concentrations observed in our work agree with existing TNC distribution descriptions. As previously reported, TNC concentration TREE PHYSIOLOGY ONLINE at http://www.treephys.oxfordjournals.org CARBON ALLOCATION WITH AGE IN OAK AND BEECH was higher for oak than for beech (Barbaroux and Bréda 2002 , Barbaroux et al. 2003 , Hoch et al. 2003 , Valenzuela Nunez 2006 , higher in coarse roots than in stems and higher in October in comparison with May, except in the coarse roots of beech (Jones and Bradlee 1933 , Dubroca 1983 , Bollmark et al. 1999 , Barbaroux and Bréda 2002 , Barbaroux et al. 2003 , Palacio et al. 2007 ). This pattern was observed for all age classes. If we consider concentration to be an equilibrium between storage and consumption at a given time, the decrease in root TNC concentrations of beech during the growing season 2006 can be interpreted as a failure in the allocation of carbon to root storage or an intense consumption of carbohydrates during the growing season, exceeding carbohydrate inputs. Indeed, drought did occur in 2005 and 2006 at the beech site inducing a significant soil water deficit as computed by daily water balance calculation (data not shown). Yet, (Leuschner et al. 2001) showed clearly that in a mixed stand, drought stress induced a large increase of fine (37) 27 (3) 95 64 (1) 191 (28) 13 (7) 138 129 (6) 142 (38) 29 (4) 175 101 (4) 95 (14) 54 (5) root growth in beech, while this was not observed in sessile oak. Thus, droughts coupled with high fine root sensitivity to drought could have induced higher levels of damage to fine roots in beech stands than in sessile oak stands. Therefore, below-ground carbohydrates in beech could have been used in order to restore the fine root stock after a severe drought (Leuschner et al. 2001) and to sustain fine root growth allowing water uptake in late summer and early autumn (Idol et al. 2000 , Ponti et al. 2004 , Satomura et al. 2006 . In contrast to (Sala and Hoch 2009) , who found an increase in carbohydrate concentrations with tree height, we found that TNC concentrations decreased or remained stable with tree age. This difference might be related to the structure of the stands studied. The sites studied by Sala and Hoch were located in stands with trees of different height. Therefore, the height-related differences in carbohydrate concentration might combine age-related changes and changes related to the status of the tree in the stand.
Age effect on TNC concentrations was restricted to young stands for both species. Both species presented the highest TNC concentrations in the youngest trees, except in sessile oak stems. This profile reflects distribution changes in the early stage of stand development. Firstly, the concentration decrease between sapling and other ages could be linked to high differences between foliar area and sapwood biomass distribution. Indeed, young stands are characterized by a lower [Sapwood biomass/Leaf area] ratio (Bartelink 1996 , Lebret et al. 2001 ). If we consider the foliar compartment as a mainly 'production' site and wood compartment as a mainly 'storage' site, young trees are characterized by a high carbohydrate production capacity and a low carbohydrate storage capacity, resulting in a higher concentration of TNC in wood. With increasing age, the [Sapwood biomass/Leaf area] ratio increased, inducing a possible decrease of TNC concentrations.
In beech stands, despite the constant increase in storage capacity (i.e., sapwood biomass) relative to assimilation capacity (i.e., leaf area), TNC were not diluted, and concentrations remained stable over time, after a short depletion in the young stands (30 years old). We have shown that this stabilization resulted from an increase in carbon allocation to the storage function in adult trees. Furthermore, turgor pressure seems to decrease with increasing tree height, as already shown in tall Douglas fir trees (Woodruff et al. 2004) . If this hypothesis was verified, lower turgor pressure in tall old trees would limit cell expansion and induce an increase in TNC concentrations (Ryan et al. 2006) . In oak stands, the [Sapwood biomass/Leaf area] ratio increased up to 90 years old and decreased afterwards (data not shown). This decrease has been related to the increasing weight of accompanying species with stand age that induced a decrease in oak LAI and a limited increase in hornbeam biomass. The weakening of storage capacity and constancy of allocation to storage with age resulted in the very slight, non-significant increase of TNC concentrations with age.
Finally, a concentration decrease in coarse roots between the sapling stage and other stages of development could be linked to the early decrease of RS with stand age that we established from the literature review, which was contrary to the previous broader meta-analysis of (Cairns et al. 1997 ) but in accordance with (Bartelink 1998) . Indeed, variations of RS with age reflect variations of below-ground growth relative to aboveground growth. Large values of RS can reveal high levels of root growth compared to aerial growth. Then, high belowground concentrations in young trees of both species could be intended to finance a large growth rate of root systems. It is all the more likely that a decrease in concentrations with age followed a decrease in the RS with age for both species.
Increment of growth, carbohydrates and reproduction during the growing season 2006
In young stands, biomass increments of beech were higher than those found by (Granier et al. 2008 ) in a similar aged stand in Hesse forest, France (556 gC m −2 year −1 in the present study versus 418 gC m −2 year −1 in the study of Granier et al. 2008 ). These differences were coherent with other productivity indicators: despite higher stand density, the basal area was lower in the Hesse site compared to the Fougères site. In adult stands, the biomass increments were consistent with results from previous studies (Le Maire et al. 2005 , Martinez-Vilalta et al. 2007 ). For both species, growth efficiency sharply decreased with age from the pole stage to old-growth forests. These observations are in accordance with the widely described age-related decline in forest productivity (e.g., Gower et al. 1996 , Mencuccini et al. 2005 , Zaehle et al. 2006 , Martinez-Vilalta et al. 2007 . As for RS, productivity decline occurred earlier for beech than for oak. Seed production was significant from 58-year-old stands, in agreement with previous knowledge that sexual maturity for beech is reached at about 60 years old (Oswald 1984 ). Yet, traces of viable seed production were found from 14-year-old stands. Seed production increased with age to 130 gC m −2 in the 138-year-old stand in 2006, revealing a good masting year (Oswald 1984 , Le Tacon and Oswald 1977 , Overgaard et al. 2007 ). For both species, carbohydrate increment (and seed production for beech alone) did not offset growth decline. This result suggests that carbon functioning in old trees might be limited by carbon availability (Ryan et al. 2006) .
Two contrasting carbon allocation patterns?
Comparing wood, carbohydrate increment and seed production (for beech only) allowed us to estimate shifts in the carbon allocation between growth, storage and reproduction during stand development. For sessile oak, carbon allocation to growth and storage remained constant over the age range we studied. Carbon allocation to acorn production could not be estimated because of a lack of masting during the obser-vation year. Conversely, for beech the carbon allocation to growth decreased sharply with stand age to the benefit of storage and reproduction: the allocation scheme shifted from a stage which was mainly an 'allocation to growth' in young stands, where prospecting the environment was high, to a mainly 'allocation to reproduction and storage' stage in older stands, to finally ensure tree regeneration (Oliver and Larson 1990, Becker et al. 2000) . Thus, whereas carbon allocation to growth decreased sharply with ageing for beech, it seems to remain stable for sessile oak (in the age range we sampled). The maintenance of a high carbon allocation to growth in sessile oak trees throughout their lifespan is probably related to the hydraulic properties of ring-porous species. In the spring, most of the early wood vessels of ring-porous species are embolized by frost events of the previous winter, and the radial growth prior to budburst is required for soil to leaf hydraulic conductance recovery (Hinckley and Lassoie 1981 , Bréda and Granier 1996 , Hacke and Sauter 1996 . For diffuse-porous species like beech, which are less vulnerable to winter embolism, hydraulic conductivity is partly preserved from year to year. Therefore, early growth, as a key factor for sap flow recovery, is less essential than for sessile oak (Hacke and Sauter 1996, Lemoine et al. 1999) .
Furthermore, several studies have demonstrated a negative correlation between radial growth and seed production for different species belonging the Fagus genera Adams 2001, Kitamura et al. 2007 ), for Nothofagus truncata (Monks and Kelly 2006) and for other species (Waller 1979 , Selas et al. 2002 . Therefore, the massive production of seeds observed in adult beech stands may have emphasized the age-related decrease of carbon allocation to growth. The lack of significant seed production in sessile oak stands may not have induced such a decrease. Moreover, silvicultural practices in Europe are characterized by intensive thinning. During masting years, intensive thinning and seeding felling may favour seed production and emphasize the effect of seed production on the age-related decrease of carbon allocation to growth (Perry et al. 2004) . In contrast, during non-masting years, intensive silvicultural practices may favour tree growth (Bastien et al. 2005) and sustain a high growth rate in adult stands. This reason may partly explain the high carbon allocation observed in mature stands of sessile oak.
Carbon allocation to storage was higher for sessile oak than for beech, whatever the age of stands. High levels of carbon allocation to storage observed for sessile oak might be partially related to the necessity to achieve early growth prior to budburst. Before budburst, this early growth is dependent on storage compounds (Barbaroux 2002) . Thus, for ring-porous species like sessile oak, carbohydrate reserves are necessary to sustain early growth, and it seems to be a key factor for tree maintenance and survival. These properties result in an equilibrium in the carbon allocation between growth and storage functions, and this balance remains stable throughout the lifespan of the tree. Beech, as a diffuse-porous species, initiates the growing period after budburst (Barbaroux and Bréda 2002). Therefore, early growth is less dependent on reserve amount, and the reserve pool might be lower than for sessile oak.
Furthermore, soil water deficits occurring at the continental site of the sessile oak are around three times more severe than those occurring at the beech site subjected to an oceanic climate type. The intense and repeated drought events to which sessile oak stands are subjected may not be compensated for by the slightly higher mineral fertility (Table 1) . These repeated soil water deficits may have induced a selection pressure favouring trees presenting high storage capability for reserve compounds to combat soil water deficits (Yordanov et al. 2000) .
Over the same age range, carbon allocation to storage remained constant for both of the studied species. However, allocation to storage in beech increased significantly with age when younger and older stands were integrated in the analysis. This increase may ensure maintenance respiration of large woody tissues, may improve the defence capacity of ageing trees against environmental perturbation and may help to ensure soil to leaf hydraulic conductivity (Niinemets 2002 , Mencuccini et al. 2005 , Ryan et al. 2006 . Additional work might be conducted on older even-aged oak stands to check whether this trend occurred for this species as well.
Even if reproductive shoots support most of the reproduction (Miyazaki et al. 2002 , Hoch 2005 , starch concentrations in the non-reproductive shoots seem to decrease during the mast year as well (Gäumann 1935 , Hoch et al. 2003 , Miyazaki et al. 2002 . Furthermore, the mast event may induce a leaf area decrease in beech (Innes 1994) . Therefore, the agerelated increase of seed production observed in the beech chronosequence may have mitigated the age-related increase of carbon allocation to storage. Finally, our study was focused on ageing effects on carbon allocation to handle the productivity decline during a standard forest rotation. However, these results pointed out the need to extend this analysis to trees reaching the limits of longevity, i.e., 150-300 years old for beech and 500-1000 years old for sessile oak (Rameau et al. 1989 ). Senescing processes could be different from ageing processes.
During masting years, we observed that carbon allocation to seed production increased with stand age for beech, which may have induced a decrease in growth and carbohydrate concentrations. The effects of acorn production on carbon allocation were not assessed for sessile oak, but we suppose that the impact on growth and storage pools would be similar to those observed for beech. However, the additional constraints related to the need to complete a minimum growth with a minimum amount of reserves may reduce the amount of carbon available for seed production. This hypothesis may explain the lower frequency of mast years for sessile oak compared to beech. Indeed, (Aussenac 1975) reported that the frequency of significant masting events for sessile oak at the site studied was around 5.5 years (an average over 107 years from 1865 to 1971), while beech masting occurred at a biannual rhythm in the site studied (C. Nys, personal communication).
The additional growth constraint makes the allocation pattern of sessile oak more stable but also less flexible than that of beech. This difference could be linked to the higher variability of radial growth to environmental perturbation observed in beech (Leuschner et al. 2001 , Asshoff et al. 2006 . Growth in beech could be an 'adjustment variable' to a certain extent, allowing trees to increase storage production and mobilization during environmental perturbation. However, these results concerned 1 year of observations and need to be confirmed by similar studies under different growth conditions, notably concerning drought intensity and masting events.
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